In the accompanying paper, we report that Drosophila gastrulae genetically depleted for the 5-HT 2Dro serotonin receptor or for serotonin show abnormal germband extension. In wild-type gastrulae, peaks of both the 5-HT 2Dro receptor and serotonin coincide precisely with the onset of germband extension. Here, we assessed the genetic requirement for this peak of serotonin. We report the characterisation of the serotonin content of individual Drosophila embryos, progeny from¯ies heterozygous for mutations in genes that are involved in the serotonin synthesis pathway and include the GTP-cyclohydrolase, tryptophan hydroxylase and DOPA decarboxylase loci. The peak of serotonin synthesis at the beginning of germband extension appears strictly dependent upon the maternal deposition of biopterins, products of GTP-cyclohydrolase and cofactors of tryptophan hydroxylase and upon the zygotic synthesis of both tryptophan hydroxylase and DOPA decarboxylase enzymes. Mutant embryos with an impairment in this peak of serotonin synthesis die with a cuticular organisation which is also observed in embryos de®cient for the 5-HT 2Dro receptor. This characteristic cuticular phenotype is thus the hallmark of desynchronisation of the morphogenetic movements during gastrulation. Together, these ®ndings provide additional support for the notion that serotonin, acting through the 5-HT 2Dro receptor, is necessary for proper gastrulation. q
Introduction
Serotonin (5-hydroxytryptamine, 5-HT) has been detected during early embryogenesis, in sea urchin, frog, and chick embryos (Lauder, 1993; Buznikov et al., 1996) . Both the presence of 5-HT and the ability of 5-HT-speci®c pharmacological agents (Lauder et al., 1981) to interfere with embryonic development have led to the suggestion that early embryos use 5-HT and their receptors prior to the onset of neurogenesis to regulate cell proliferation and/or morphogenetic movements (Lauder, 1988) . In insects, biogenic amines have been implicated as neuromodulators and neurotransmitters (Brown and Nestler, 1985) in addition to their function of cross-linking proteins and chitin during sclerotisation of the cuticle (Wright, 1987) . In Drosophila melanogaster, a detailed immunohistochemistry of 5-HT localisation in the brain has been described (Valles and White, 1988) . It regulates salivary gland secretion, heart and oviduct contractions, circadian rhythms, and in¯uences learning and memory (Brown and Nestler, 1985) .
Previously, we reported that the G-protein coupled receptor 5-HT 2Dro is orthologous to receptors of the mammalian 5-HT 2 receptor subfamily (Colas et al., 1995) . The 5-HT 2Dro mRNA expression starts early during embryogenesis, at the onset of gastrulation, with a pattern and timing similar to that of the segmentation gene fushi-tarazu. We also reported that this expression is restricted to the presumptive ectoderm and the corresponding peak of binding sites coincides precisely with the initiation of the rapid phase of germband extension and with a transient wave of 5-HT synthesis. 5-HT appears necessary for proper germband extension, since this is delayed in gastrulae devoid of the 5-HT 2Dro receptor and the resulting uncoupling of ectodermal elongation from endoderm and mesoderm invaginations gives rise to early embryonic lethality (Colas et al., 1999) . Associated with this desynchronisation, there is an altered distribution of adherens junctions in the ectoderm suggesting a function for 5-HT in ectodermal cell intercalation movements during germband extension.
During Drosophila gastrulation, the process of ectoderm extension is homologous to that of convergent extension responsible for elongation of the archenteron during sea urchin gastrulation (Hardin, 1989) . Interestingly, in sea urchin gastrulae, 5-HT has been reported to regulate blastopore invagination that leads to archenteron elongation (Wolpert and Gustafson, 1967; Gustafson and Toneby, 1971) . Similarly, in chicken, 5-HT antagonists affect cell movements during neuroepithelium convergent extension at the neurulation stage (Palen et al., 1979) . In mouse, 5-HT participates in craniofacial and cardiac morphogenetic events Yavarone et al., 1993) and we have reported that treatment of mouse embryos with 5-HT 2B receptor-antagonists at the neurulation stage, induce several embryonic defects (Choi et al., 1997) .
For the biosynthesis of 5-HT in mammals, the rate-limiting step is catalysed by tryptophan hydroxylase (TPH; EC 1.14.16.4) which hydroxylates tryptophan to generate 5-hydroxytryptophan (5-HTP) (for review see Mockus and Vrana, 1998) . Mammalian TPH is an homotetramer that uses as cofactors tetrahydrobiopterin (BH4), iron and molecular oxygen (Fig. 1) . The physiological concentration of tryptophan is subsaturating for TPH. The active pteridin cofactor is reduced BH4, and it is the enzyme dihydropteridin reductase which catalyses its regeneration by the reduction of the dihydrobiopterin back to BH4. In Drosophila, as in mammals, GTP cyclohydrolase I (GTP-CH) (EC. 3.5.4.16 ) is the ®rst, rate-limiting enzyme in the biosynthesis of pteridins. In Drosophila, GTP-CH is encoded by a single gene, located at the Punch (Pu) locus, so named for the mutant eye colours imparted by pteridin de®ciencies. More than 60 mutants alleles of this gene have been generated and subsequent characterisation has led to the conclusion that Pu is a complex locus since alleles having functional and developmental speci®city, as well as alleles with apparent general effects, were isolated (Mackay et al., 1985) . One class of Pu allele, the embryo-speci®c or class V, results in early embryonic death, part of which occurs during the pre-cellular blastoderm stage (Reynolds and O'Donnell, 1987) . However, the physiological basis of these embryonic effects has not been clearly established for this allele.
5-HTP is subsequently decarboxylated to generate 5-HT by the enzyme DOPA-decarboxylase (DDC). This l-alphaaromatic amino acid decarboxylase AADC (EC. 4.1.1.28) is a soluble homodimer enzyme whose activity is determined by the concentration of its substrates, 5-HTP and DOPA. Depletion of 5-HT and dopamine in a Drosophila ts mutant lacking DDC, leads to learning abnormalities and to an aberrant pattern of serotonergic neurons (Budnik et al., 1989) . In null alleles there is also embryonic lethality associated with an incomplete sclerotisation of the cuticle (Wright, 1987) . In early gastrulae, we observed a peak of TPH activity (Colas et al., 1995) preceded by a peak of TPH mRNA (Neckameyer and White, 1992) . Also, a peak of DDC activity with unknown function has been described previously at the same embryonic stage (Konrad and Marsh, 1987) . We concluded that 5-HT may be synthesised zygotically and that consequently, tryptophan and biopterins should be available. Therefore, accompanying the transient 5-HT 2Dro mRNA expression, its natural ligand 5-HT should be dynamically synthesised in the gastrulating embryos.
Given the gastrulation impairments observed in the 5-HT 2Dro receptor mutant, one might predict that similar phenotypes would be observed in 5-HT synthesis mutants. Here, we report that the various Drosophila mutants in which we have detected a lack of 5-HT at the gastrulation stage, have embryonic lethality and display abnormal gastrulation movements associated with speci®c cuticular defects.
Results
2.1. Deletion of the 5-HT 2Dro locus is associated with a speci®c, double-line cuticular phenotype After our initial description of the 5-HT 2Dro mRNA expression at the early gastrula stage (Colas et al., 1995) , we mapped the genomic locus of the 5-HT 2Dro gene to 82C-E, and two small overlapping deletions were generated. Df(3R)HTR6 and Df(3R)HTRI are homozygous lethal and only the latter deletes the receptor gene. In homozygous Df(3R)HTRI embryos (but not in Df(3R)HTR6), the pushing force generated by ectodermal cell intercalation is impaired or lacking. This is associated with a desynchronisation of germband extension from mesoderm and endoderm invaginations. Extreme desynchronisation leads to a complete extension arrest. Although the mesoderm invagination is apparently normal in homozygous de®cient embryos, defects in the ventral midline closure are frequently observed (Colas et al., 1999) .
Although the phenotype displayed by the dead embryos is variable, a common characteristic is the original differentiation of their cuticle. In addition to 24% of homozygous balancer embryos which die as weak ®rst instar larvae, 20% of the individually polymerase chain reaction (PCR)-genotyped homozygous Df(3R)HTRI embryos secreted a cuticle with very few structures suggesting that it results from embryos arrested at an early stage (ghost) ( Fig. 2A) . In the other homozygous Df(3R)HTRI dead embryos, all segments are present and appear identical in contrast to pair-rule mutants. Such a segment, termed`double-line', consists only of two rows of thick denticles interspersed by clear spaces (Fig. 2E vs. D). Homozygous Df(3R)HTRI embryos and larvae show, within a range of increasing severity of embryonic defects, the double line phenotype either in normal sized crawling trachealess larvae (26%) (not shown), in small late-hatching and non-crawling ®rst instar larvae (14%) (petite) (Fig. 2C ), in non-hatched embryos similar to petite (32%) (not shown) or in embryos lacking complete cuticular head structures (8%) (punchy) (Fig. 2B) . Furthermore, Df(3R)HTR6, j7E8 or j3A4 transposon insertion homozygous embryos did not display any of these characteristic embryonic abnormalities and died later during larval stages.
Lack of 5-HT is associated with double-line cuticular phenotype in homozygous rWE67 Pu embryos
The dosage in morphologically staged, wild-type gastru- lae revealed that the peaks of 5-HT and of 5-HT 2Dro receptor precisely coincided with stage 7 when the rapid phase of germband extension begins (Colas et al., 1999) . We searched for documented mutations that could speci®cally affect this peak of 5-HT synthesis in the Drosophila gastrula.
We ®rst focused on alleles of the Punch locus which encodes the GTP-CH enzyme (Reynolds and O'Donnell, 1987) . This enzyme synthesises the pteridin cofactor required for the enzymatic activity of aromatic amino acid hydroxylases including TPH. The embryo-speci®c class of alleles of the Pu locus affects maternal and/or early zygotic GTP-CH activity. It has been suggested that this lethality is due to a de®cit in early pteridin function. Using a capillary electrophoresis technique to evaluate 5-HT content in single class V rWE67 embryos, three populations (in stage-7 embryos) can be distinguished (n 111) (Fig. 3A) : 25.5% with no detectable 5-HT (less than 5 attomoles), 25.5% with 43:80^0:97 attomoles and 49.0% with 22:05^0:28 attomoles, while the control embryos contain 44:52^0:65 attomoles (n 10). Consistently, three different embryo populations are found by PCR-genotyping after 48 h in the rWE67 progeny: 47% give rise to normal larvae (heterozygous rWE67/CyO) and 24% die at the ®rst-instar larval stage (homozygous balancer CyO/CyO). The cuticle of the third population (29%) (homozygous Punch rWE67/ rWE67) is abnormal with a distribution of embryos with all segments having an identical pattern, the double line or ghost phenotype (Fig. 3B±D) . The complete range of these cuticular phenotypes is present in homozygous 5-HT 2Dro null (Df(3R)HTRI) embryos (Fig. 2) with the exception of cellularisation defects which appear to be speci®c to maternal functions of biopterins (Chen et al., 1994) .
In the accompanying paper, we report that in homozygous rWE67 embryos, the intercalation of ectoderm cells which drives germband extension fails to occur. There is an associated desynchronisation of germband extension from mesoderm and endoderm invaginations (Colas et al., 1999) . The common cuticular defects observed in the 5-HT 2Dro null and in this 5-HT de®cient allele of Punch thus constitute an additional phenotypic correlation between the absence of 5-HT 2Dro and the lack of its endogenous ligand 5-HT in early gastrulae.
Wild-type 5-HT levels and absence of embryonic phenotypes in homozygous Df(2R)F36 Pu embryos
The Df(2R)F36 de®ciency uncovers most of the Pu tran- scribed region (McLean et al., 1993) . Nevertheless, early embryonic lethality is not observed in homozygous F36 embryos, instead they show a larval lethality with unpigmented cuticle but no double lines phenotype (Reynolds and O'Donnell, 1987) . When assessed for the presence of 5-HT, it appears that 100% of each single tested embryo from heterozygous F36 progeny contained 34:79^0:37 attomoles of 5-HT (n 102) (Fig. 4) . This again supports a link between rWE67 early embryonic lethality and the lack of 5-HT.
Lack of maternal biopterins in prezygotic rWE67 Pu embryos
Previous molecular characterisation of the Punch locus has shown that Pu transcripts and protein are expressed during oogenesis and BH4 levels have been reported to be abnormal in oocytes of a viable class V allele . These authors have therefore hypothesised that defects in maternal deposition of biopterins may be responsible for early embryonic lethality. To verify this hypothesis we tested for the presence of BH4 in early embryos before zygotic transcription starts. As shown in Fig. 5 , 0±1 h embryos from F36 heterozygous cross contain 25:0^3:1 fmol of BH4/mg of total protein, whereas 0±1 h embryos from a similar rWE67 cross contain no detectable BH4 (0:4^0:1 fmol of BH4/mg of proteins) and control embryos have a BH4 level of 61:4^6:5 fmol of BH4/mg of proteins (n 5). The prezygotic BH4 level diminishes (P , 0:05) with time, suggesting it corresponds to a pool of maternally deposited biopterin which is not stable and that zygotically synthesised GTP-CH is required to maintain this level during subsequent embryonic development. However, a maternally deposited pool of BH4 in F36 embryos appears suf®cient to satisfy the early embryonic requirement for biopterins and allows them to reach the larval stage. This result strongly supports the notion that the impairment of 5-HT synthesis caused by the absence of maternal BH4 is at the origin of gastrulation defects in rWE67.
Double-line cuticular phenotype in serotonin synthesis mutants
In order to con®rm that the absence of a maternal pool of BH4 is directly linked with the lack of 5-HT and consequent gastrulation defects, we investigated if similar embryonic defects could be observed in other 5-HT synthesis mutants. We selected mutants in the 5-HT biosynthetic pathway, Df(2R)PblX1 lacking TPH, and Df(2R) TW130 lacking DDC. We deliberately selected de®ciencies which removed the entire locus in order to eliminate the possibility of the expression of compensatory transcripts. First, we tested 5-HT levels in single embryos from crosses of heterozygous parents. In crosses from both of these de®ciencies, one quarter of all stage-7 embryos lacked 5-HT and the rest showed 5-HT levels not signi®cantly different from wild type (Figs. 6A and 7A). This con®rms that zygotically active enzymes are responsible for the peak of 5-HT synthesis observed at gastrulation. The cuticle of the homozygous dead embryos again showed a distribution of double-line and ghost embryos in Df(2R) PblX1 (Fig. 6B±D ) and in Df(2R) TW130 (Fig. 7B±D) . From an extract of 200 embryos laid over a period of 1 h, BH4 was analysed by HPLC using redox coulometry (see Section 4). In wild-type embryos BH4 is detected in 0±1 h embryos (61:4^6:5 fmol/mg of proteins) and diminishes over time (47:6^5:9 fmol/mg of proteins at 1±2 h), as well as in Df(2R)F36 embryos although at a lower concentration (25:0^3:1 fmol/mg of proteins at 0±1 h and 15:8^3:5 fmol/mg of proteins at 1±2 h). In contrast, in rWE67 embryos no maternal BH4 can be detected (0:4^0:1 fmol/mg of proteins at 1 h and 0:5^0:2 fmol/mg of proteins at 2 h). These values are the mean^SD of ®ve dosages.
Discussion
We report here that Drosophila null embryos for the 5-HT 2Dro receptor die with cuticular defects which are due to impairments in ectoderm extension movements (Colas et al., 1999) . These gastrulae show desynchronised morphogenetic movements during germband extension and consequently, at the end of embryogenesis produce either the double-line or ghost cuticular phenotype. Furthermore, we observed that these phenotypes are identical to those of embryos lacking maternal biopterin (rWE67), TPH (PblX1), or DDC (TW130) enzymatic activity all of which are defective in the early wave of 5-HT synthesis at the beginning of germband extension. In contrast, a mutant defective for zygotic functions of biopterin and which contains nearly normal 5-HT levels at gastrulation, shows normal germband extension and never develops the double line or ghost phenotype. Together, these data strongly support the notion that during Drosophila gastrulation, 5-HT synthesis or signalling through 5-HT 2Dro are involved in a common process since their impairment induces similar defects in germband extension and in cuticular organisation.
Double-line cuticular phenotypes are hallmarks of desynchronisation in germband extension
Time-lapse video recordings and cuticle studies reveal that gastrulae showing desynchronised morphogenetic movements during germband extension produce doubleline cuticular phenotypes at the end of embryogenesis. The double line phenotype of the 5-HT 2Dro null embryos does not appear to correspond to a classical segment polarity phenotype. The anterior row of double line cuticle does not represent a mirror image duplication of the normal posterior row. One possible interpretation is that the precursor of the anterior part of each segment, due to the delay in extension generated by the loss of 5-HT signalling, receives incorrect positional information. In transgenic 5-HT 2Dro antisense embryos, the level of transgene induction correlates with the strength of morphological and cuticular defects (not shown). Since double-line cuticle appears always associated with petite, punchy and ghost phenotypes, these phenotypic classes must represent different levels of a common alteration, e.g. the degree of desynchronisation in gastrulation movements. When the desynchronisation is such that ecto- derm extension is de®nitively arrested, embryos die with the ghost cuticle phenotype.
These data support the notion that double-line cuticular segments are the manifestation of a desynchronised extension and suggest that 5-HT signalling is a mechanism regulating cell intercalation. It ensures that the movements of ectoderm are strictly in phase with those of the other germ layers, a necessity for the reproducibility of development.
The rWE67 mutants are defective in maternal deposition of biopterins
What can be the reason for the discrepancy between the phenotype observed between the point mutant rWE67 and the de®ciency F36 embryos? Pu encodes GTP-CH, a homodecameric enzyme which catalyses the limiting step in the synthesis of BH4 and is subject to feedback inhibition by BH4 (Weisberg and O'Donnell, 1986) . This metabolic cofactor is required for several enzymatic activities including TPH, the rate-limiting enzyme in 5-HT biosynthesis. GTP-CH is rate-limiting for the synthesis of all pteridins and for many, if not all, of the subsequent pteridin-requiring activities. A number of the phenotypes arising at various developmental stages in Pu mutants can be interpreted as resulting from the direct effects on these target activities (O'Donnell et al., 1989) . It has been previously proposed that Pu rWE67 is defective for a maternal function. This allele has been reported to affect GTP-CH activity in oocytes, and that the resulting lethality could be due to a de®cit in maternal pteridin storage. Homozygous Pu rWE67 embryos die during embryogenesis. Approximately one-half of nonviable embryos do not reach the cellular blastoderm stage (Chen et al., 1994) , while the remaining half of the embryos die later in embryogenesis. Embryos surviving beyond the cellular blastoderm stage show no further arrest of cell division, but die after post-germband shortening stages (Chen et al., 1994) . Death during the later stages of embryogenesis has been proposed to result from early defects arising from the maternal effects or of a defect in a zygotic function. We provide evidence that these embryos die from gastrulation defects already reported for 5-HT 2Dro null mutants (Colas et al., 1999) . The Pu rWE67 allele primarily affects the maternal function of GTP-CH in a dominant, and its zygotic function in a recessive fashion: there is no detectable BH4 in embryos derived from a Pu rWE67 mother, and one quarter of the embryos is de®cient in 5-HT synthesis. Zygotically, Pu F36 behaves as a recessive mutation: all preblastoderm embryos have similar BH4 levels (Fig. 4) and nearly normal amounts of 5-HT at stage 7 (Fig. 5) . Transheterozygous embryos behave accordingly with respect to cuticular defects (not shown) (Reynolds and O'Donnell, 1987) .
BH4 is responsible for the short-term control of 5-HT synthesis
The 5-HT concentration seems tightly regulated by BH4 since in the progeny of¯ies heterozygous for the Pu rWE67 mutation which appears dominant for maternal deposition of BH4, the level of 5-HT is strictly dependent on GTP-CH gene dosage: one quarter contains wild-type dose of 5-HT, one half 50% of 5-HT and one quarter undetectable amounts of 5-HT (Fig. 3) . Therefore, the level of downstream activities seems extremely dependent on the activity of GTP-CH. In contrast, progeny of heterozygous Pu F36¯i es which are recessive mutants for zygotic GTP-CH and deposit BH4 in their oocytes, show nearly wild-type levels of 5-HT at stage 7 (Fig. 4) , independent of their genotype. Since 5-HT synthesis is regulated by modulating the rate of conversion of ltryptophan to 5-HTP, it has been proposed that BH4 must participate in the short-term control of 5-HTP synthesis (Auerbach and Nar, 1997) . Our data are completely consistent with this hypothesis. In contrast to tyrosine hydroxylase, TPH is not subject to inhibition by the end product of the reaction pathway, 5-HT (Joh et al., 1986) . Since the physiological level of the pteridin cofactor is relatively low and may be limiting, modulation of tryptophan monooxygenase activity seems to occur in vivo by BH4 which controls both the regulation of the biosynthesis of 5-HT and the activity of GTP-CH.
Analogous requirement for 5-HT in mammalian development
In human phenylketonuria (PKU) patients, the enzyme phenylalanine hydroxylase PheOH (EC 1.14.16.1) is defective, and this results in an elevation of serum levels of phenylalanine called hyperphenylalaninaemia (for a review see Lenke and Levy, 1980) . A consequence of hyperphenylalaninaemia is secondary inhibition of tyrosine hydroxylase and TPH, leading to extremely low levels of 5-HT (Roux et al., 1995) . During childhood, these inhibitions cause brain damage without appropriate dietary measures, which is the recognised treatment for this disorder. Non-responsiveness to dietary treatment of PKU has led to the identi®cation of other hyperphenylalaninaemias resulting from additional defective genes: dihydropteridin reductase, 6-pyruvyltetrahydrobiopterin synthase or GTP-CH. Whereas PKU can be prevented by prescribing an appropriate diet at an early age, young women suffering from PKU give birth to babies with permanent abnormalities unless they again follow the speci®c diet before the beginning of gestation. Animal models for PKU embryopathy have been developed and in particular mouse embryos cultured in serum from PKU patients develop embryonic defects similar to those cultured in normal serum depleted for 5-HT (Roux et al., 1995) . These authors have suggested that lack of 5-HT must be a major factor contributing to this teratology. We have reported that treatments by 5-HT 2 -speci®c antagonists of mouse embryo at neurulation stage induce similar embryonic defects (Choi et al., 1997) . Interestingly, our data in insects suggest important analogies with the mammalian situation: maternal BH4 is important for 5-HT embryonic functions, necessary for early 5-HT action which is mediated by the 5-HT 2 receptor subfamily. Therefore, our data support a role for 5-HT function in development which arose very early in evolution.
Experimental procedures

Fly stocks
The following¯y stocks were used: Df(2R)F36; Pu rWE67 ; Df(3R)HTRI; Df(2R)PblX1; Df(2R)TW130.
Embryo observation and staging, cuticles and lethality statistical analysis
The embryos were laid on an agar plate, observed at 258C, 60% humidity and covered with oil 3S (Voltalef, Prolabo). Embryos were staged using established morphological criteria (Campos-Ortega and Hartenstein, 1985; Wieschaus and Nu Èsslein-Volhard, 1986 ) with the modi®cations of Irvine and Wieschaus (Irvine and Wieschaus, 1994) . Brie¯y, embryos were timed according to the formation of the cephalic and ventral furrows which precede germband extension by 5 minutes and to the initial ventral movements of cells. Embryonic lethality was evaluated after 24 to 48 h (258C) and expressed as the percentage of non hatched embryos (total 500±1000 embryos; n . 3). Cuticles of dead embryos were prepared as described (Nu Èsslein-Volhard et al., 1984) . Embryo genotyping was performed using similar techniques to those described in the accompanying paper (Colas et al., 1999) .
5-HT dosage
A method for monitoring primary amines with capillary zone electrophoresis and micellar electrokinetic chromatography with laser-induced¯uorescence detection was used (Dawson, 1997) . A single embryo (morphologically staged and selected under oil) was extracted by ether/acetone/ethanol, derivatised on-line with ortho-phthalaldialdehyde/bmercaptoethanol and automatically transferred to a separation capillary by a¯ow-gated interface. Analytes were detected on-column using the 2 mW, 354 nm line of HE-CD laser for excitation. Probes were perfused at 79 nl/min, resulting in relative recoveries of nearly 100%, which allowed quantitative monitoring. For 5-HT, the on-line detection limit is 0.0001 ppm (10 210 g/l, 570 fmol/l) and is linear up to 20 nM. The practical limit of detection for 5-HT is 5 atto (10 218 ) moles. Pools of 100 peaks identi®ed as 5-HT were analysed by mass spectrometry revealing that 100% of the recovered material had the mass of 5-HT. Experiments were performed under double blind conditions (embryo collection and 5-HT dosage). The different populations were de®ned from their 5-HT content and a Kruskall and Wallis test con®rms that these populations are signi®-cantly distinct (P , 0: 001).
Biopterin dosage
Samples containing 200 embryos from a 1 h egg-laying period were homogenised (1:4 w/v) in HPLC mobile phase containing an additional 1 mg/ml of both dithioerythritol and diethylenediaminopentaacetic acid. Homogenates were centrifuged at 10 000 £ g for 5 min at 48C, the supernatant was applied to a 10 000-molecular weight cut-off ®lter (Ultra free-MC, Millipore), and the samples were centrifuged for a further 30 min to remove protein. Filtrates were analysed immediately. BH4 was quanti®ed following HPLC reverse phase separation using redox coulometry inseries dual electrodes electrochemical detection (Howells et al., 1986) .
